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HIGHLIGHTS 


•  A  nanofiber  network  catalytic  structure  (NNCL)  is  used  in  the  anode  of  a  DMFC. 

•  The  use  of  the  NNCL  leads  to  a  significant  increase  in  catalyst  utilization. 

•  The  DMFC  with  55%  reduced  anode  catalyst  loading  exhibits  a  comparable  performance. 
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A  novel  membrane  electrode  assembly  (MEA)  that  utilizes  a  nanofiber  network  catalytic  layer  (NNCL) 
structure  in  the  anode  of  a  passive  direct  methanol  fuel  cell  (DMFC)  leads  to  a  significant  decrease  in 
noble  metal  catalyst  loading  of  a  DMFC.  When  the  PtRu  (1:1)  loading  within  the  NNCL  is  1.0  mg  cm-2,  the 
maximum  power  density  of  a  DMFC  is  ca.  33.0  ±  1.9  mW  cm-2,  which  is  even  slightly  higher  than  that 
with  a  conventional  MEA  with  a  PtRu  loading  of  2.0  mg  cm-2.  Electrochemical  tests  show  that  such  a 
NNCL  exhibits  a  great  increase  in  catalyst  utilization  and  a  decrease  in  charge-transfer  resistance  of  the 
anode  in  comparison  with  the  conventional  MEA.  The  improved  performance  of  the  novel  MEA  is 
definitely  due  to  the  formation  of  the  nanofiber  network  structure  in  the  anode.  This  study  provides  a 
promising  way  to  decrease  the  utilization  of  the  noble  metal  catalysts  for  the  proton  exchange  mem¬ 
brane  fuel  cells. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Passive  direct  methanol  fuel  cells  (DMFCs)  have  attracted  broad 
interest  as  potential  power  sources  for  portable  applications  due  to 
their  high  energy  density,  lack  of  pollution,  as  well  as  availability 
and  ease  of  storage  of  methanol  [1,2].  However,  there  are  several 
issues  that  have  restricted  its  practical  applications,  such  as  slug¬ 
gish  kinetics  of  both  methanol  oxidation  and  oxygen  reduction 
reactions,  high  noble  metal  catalyst  loading  within  the  membrane 
electrode  assembly  (MEA)  of  the  DMFC  [3,4]. 

Generally,  the  noble  metal  loading  on  each  side  of  an  MEA  is  ca. 
3-4  mg  cm-2,  which  is  very  high  for  the  practical  application  of 
the  DMFCs.  To  reduce  noble  metal  loading  within  the  MEA, 
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extensive  efforts  have  been  made  to  develop  the  highly  active 
catalysts  with  low  noble  metal  content,  such  as  Pt  alloys,  Pt-shell 
with  low  or  non-Pt  core,  hollow  structure  catalysts,  and  even  non- 
Pt  catalysts  [5-12].  On  the  other  hand,  the  use  of  nanostructured 
materials  as  the  catalysts  or  catalyst  supports  could  lead  to  an 
improvement  in  both  catalytic  activity  and  catalyst  utilization.  As 
an  example,  Kim  et  al.  [13]  synthesized  bimetallic  nanowires 
(NWs)  of  PtRu  and  PtRh.  The  PtRu  and  PtRh  NWs  with  an  atomic 
ratio  of  1:1  exhibit  higher  catalytic  activity  for  methanol  electro¬ 
oxidation  and  better  stability  than  the  commercial  carbon- 
supported  PtRu  nanoparticles.  Yang  et  al.  [14]  reported  that  the 
use  of  single-walled  carbon  nanotubes  (SWCNTs)  as  the  support 
for  Pt  nanoparticles  leads  to  a  significantly  enhanced  catalytic 
activity  for  methanol  oxidation.  Also,  graphite  nanofibers  are 
employed  as  a  support  for  Pt  nanoparticles  15],  the  graphite 
nanofiber  supported  nanoparticles  were  less  susceptible  to  CO 
poisoning  than  the  traditional  catalysts,  likely  due  to  a  specific 
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crystallographic  orientations  of  metal  nanoparticles  on  the 
graphite  nanofibers. 

Another  alternative  way  to  decrease  the  use  of  noble  metal  is  to 
improve  catalysts’  utilization  by  maximizing  the  triple-phase  re¬ 
action  boundary  (TPRB)  of  the  MEA.  As  reported,  two  common 
methods  are  used  for  the  fabrication  of  the  MEAs:  catalyst-coated 
on  gas  diffusion  electrode  (GDE)  [16]  and  catalyst-coated  on 
membrane  (CCM)  [17,18].  Although  the  MEA  made  by  CCM 
method  exhibits  a  thinner  catalyst  layer,  more  efficient  mass 
transport  and  higher  catalyst  utilization  than  that  by  GDE  method, 
the  catalyst  loading  with  CCM  method  is  still  high  and  mass 
transport  needs  to  be  further  improved  [19-21].  In  this  regard, 
recent  research  focuses  have  been  placed  on  the  fabrication  of 
nanostructured  MEAs  to  maximize  the  active  sites  of  the  TPRB. 
Marc  Michel  et  al.  [22]  reported  that  the  use  of  carbon  nanotube 
and  carbon  nanofiber  composites  fabricated  by  layer-by-layer  as¬ 
sembly  results  in  an  extensive  percolating  network,  and  thus 
improving  the  fuel  cell’s  performance.  By  tuning  the  size  of 
congeries  formed  between  catalyst  nanoparticles  and  Nation  ion- 
omers  within  the  MEA  [23],  a  significant  enhancement  in  DMFC’s 
performance  is  obtained,  due  to  an  improvement  in  both  catalyst 
and  Nation  utilization.  A  typical  example  is  that  the  nano¬ 
structured  thin  film  catalyst,  developed  by  Minnesota  Mining  and 
Manufacturing  (3M)  Company,  comprises  high  aspect  ratio  elon¬ 
gated  particles  onto  oriented  crystalline  organic  whiskers.  With 
such  nanostructured  thin  film  catalyst,  Pt  loading  within  the  MEA 
could  be  reduced  to  0.12  mg  cm-2  for  an  H2/O2  fuel  cell  and  with 
an  enhanced  fuel  cell’s  performance  [24].  Obviously,  above  results 
strongly  suggest  that  the  construction  of  nanostructured  catalytic 
layer  within  the  MEA  could  lead  to  an  improvement  in  both 
catalyst  utilization  and  DMFC’s  performance,  thus  allowing  a 
decrease  in  noble  metal  loading  within  the  MEA. 

Electrospinning  is  a  very  useful  technique  that  allows  the  for¬ 
mation  of  continuous  nanofibers  with  high  surface  area,  remark¬ 
able  porosity  and  permeability  [25,26].  Based  on  these  advantages, 
electrospinning  has  been  used  to  construct  separators  for  Li  ions’ 
batteries  [27,28],  3-D  electrodes  for  supercapacitors  [29,30]  and 
biosensors  [31,32],  and  supports  for  the  catalysts  [33,34].  Recently, 
Pintauro  et  al.  [35]  reported  the  use  of  electrospun  nanofiber  mats, 
composing  of  Pt/C  catalyst  and  Nation  resin,  as  the  cathode  for  an 
H2/O2  fuel  cell.  Although  the  maximal  power  density  of 
524  mW  cm-2  at  80  °C  is  lower  than  that  of  conventional  H2/O2  fuel 
cell  with  a  power  density  of  ca.  750  mW  cm-2  [36,37],  Pt  loading  on 
the  cathode  side  can  be  dramatically  reduced  to  0.1  mg  cm-2,  which 
is  much  lower  than  that  of  the  conventional  MEA  with  a  Pt  loading 
of  0.25-0.30  mg  cnrT2;  showing  the  technical  advancement  of 
electrospinning.  Little  effort,  however,  has  been  made  to  decrease 
the  catalyst  loading  with  the  MEA  of  the  DMFC  by  constructing  a 
nanostructured  membrane  electrode.  With  the  aid  of  electro¬ 
spinning,  in  this  work,  we  report  a  novel  MEA  that  utilizes  a 
nanofiber  network  catalytic  layer  (NNCL)  structure  in  the  anode  of  a 
passive  DMFC.  We  have  found  that  the  formation  of  3D  NNCL 
network  results  in  a  significant  decrease  in  noble  metal  loading, 
while  maintaining  the  similar  DMFC’s  performance  in  comparison 
with  the  conventional  MEA. 

2.  Experimental 

2.1.  Materials 

Polyvinylalcohol  (PVA)  was  purchased  from  Sigma  Aldrich. 
Nation  solution  (5%)  was  purchased  from  DuPont  Company.  PtRu 
(1:1)  black  and  PtRu  (1:1  )/C  (60  wt.  %)  as  the  anode  catalysts,  Pt 
black  and  Pt/C  (60  wt.  %)  as  the  cathode  catalysts  were  obtained 
from  Johnson  Matthey  company.  Commercial  carbon  paper 


(TGPH060,  20  wt.  %  PTFE,  Toray)  was  obtained  from  Toray  Com¬ 
pany.  All  the  chemicals  were  in  an  analytical  grade. 

2.2.  Electrospinning  construction  of  the  PtRu/C/Nafion/PVA  NNCL 

Synthesis  of  PtRu/C/Nafion/PVA  nanofibers:  An  electrospinning 
ink  was  prepared  by  mixing  PtRu  (1:1)  black  (Johnson  Matthey 
company)  and  PtRu  (1:1  )/C  (60  wt.  %,  Johnson  Matthey  company) 
into  5  wt.%  Nation  solution  (DuPont  Company),  then  adding  Poly¬ 
vinylalcohol  (PVA)  (MW  =  100000  g  mol-1,  Sigma  Aldrich),  where 
the  PtRu/C:Nafion:PVA  weight  ratio  was  71/9:14:6.  The  ink  was 
electrospun  at  a  rate  of  0.15  ml  h-1  by  a  pump  with  15  cm  grounded 
collector  to  the  needle  at  a  high  voltage  of  16-18  kV. 

The  conventional  membrane  electrode  assembly  (MEA)  was 
prepared  as  before  [23],  with  a  Nation®  115  membrane,  a  GDE 
cathode  with  a  Pt  loading  of  4.0  mg  cm-2  and  a  GDE  anode  with  a 
PtRu  loading  of  2.0  mg  cm-2.  The  electrospun  MEA  was  prepared 
with  the  same  membrane  and  cathode,  while  the  anode  was  dis¬ 
placed  with  the  nanofiber  network  catalytic  layer  with  a  PtRu 
loading  of  1.0-2.0  mg  cm-2. 

2.3.  Morphology  and  electrochemical  characterization  of  the 
nanofiber  network 

FESEM  images  were  collected  on  Field  Emission  Scanning 
Electron  Microscopy  (FESEM,  Hitachi  S-4800)  and  TEM  image  was 
conducted  with  Field  Emission  Transmission  Electron  Microscopy 
(FETEM,  JEOL  2100F). 

The  cyclic  voltammogram  (CV)  measurement  was  carried  out 
with  Solartron  SI 1287  Potentiostat/Galvanostat  to  characterize  the 
electrochemical  active  surface  area  (ESA)  of  the  anodes  of  the  MEAs 
by  feeding  the  water  to  the  anode  of  a  DMFC  as  the  working  elec¬ 
trode,  humidified  H2  to  the  cathode  at  a  flow  rate  of  about 
5  mL  min-1  as  the  counter  electrode  and  reference  electrode.  The 
working  potential  was  cycled  from  0.05  V  to  0.7  V  and  at  a  scan  rate 
of  20  mV  s-1.  Since  the  ESA  calculated  by  H  desorption  is  only  for  Pt 
in  the  PtRu  catalyst,  it  could  be  more  concise  that  the  ESA  is 
calculated  by  CO  stripping  because  CO  can  be  adsorbed  on  the 
surface  of  both  Pt  and  Ru  in  the  PtRu  catalyst.  The  CO-stripping 
voltammogram  was  performed  with  Solartron  SI1287  Potentio¬ 
stat/Galvanostat,  by  feeding  the  humidified  CO  pre-adsorbed  on  the 
anode  as  the  working  electrode,  humidified  H2  to  the  cathode  as  the 
counter  electrode  and  reference  electrode.  The  working  potential 
was  cycled  from  0.05  to  1.0  V  and  at  a  scan  rate  of  20  mV  s-1. 

The  Electrochemical  impedance  spectra  (EIS)  of  the  anodes 
fabricated  by  electrospun  and  GDE  methods  with  a  PtRu  loading  of 
2.0  mg  cm-2  were  recorded  using  a  Solartron  SI1260  coupled  to  a 
Solartron  SI1287  Potentiostat/Galvanostat.  All  the  anode  imped¬ 
ance  spectra  recorded  were  measured  between  the  anode  and  DHE 
at  the  cathode,  and  the  overpotential  of  the  DHE  is  negligible  ac¬ 
cording  to  the  previous  work  [38].  Impedance  spectra  were  ob¬ 
tained  at  a  frequency  range  between  100  kHz  and  0.01  Hz  at  a  given 
potential  of  0.40  V/DHE,  and  the  amplitude  of  the  sinusoidal 
voltage  signal  is  10  mV. 

2.4.  The  performance  evaluation  of  the  passive  DMFCs 

For  a  passive  DMFC,  an  MEA  is  sandwiched  between  two  Au- 
deposited  Ti  plates  with  open  areas  of  ca.75%  for  both  anode  and 
cathode,  respectively.  On  the  anode  side,  there  is  a  methanol 
reservoir  outside  Ti  plate,  methanol  is  passively  diffused  into  the 
anodic  catalytic  layer  of  an  MEA  by  self-diffusion  (i.e.,  without  the 
use  of  any  pumps).  On  the  cathode  side,  the  MEA  is  directly  exposed 
onto  the  ambient  atmosphere  (i.e.,  direct  use  of  02  from  air,  so- 
called  “air-breathing”  mode).  The  active  cross-sectional  area  of  an 
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MEA  is  2  x  2  cm2.  The  polarization  curves  of  the  passive  DMFCs 
under  air-breathing  mode  were  obtained  on  an  Arbin  FET  testing 
system  (Arbin  Instument  Inc.,  USA)  by  using  4  M  methanol  solution. 
For  each  discharging  current  point  along  the  polarization  curve,  a 
period  of  3  min  waiting  time  was  used  to  obtain  the  stable  voltage. 
The  Faraday  efficiency  and  energy  efficiency  of  an  MEA  can  be 
calculated  from  discharging  curve  at  a  constant  voltage  of  0.35  V 
when  the  passive  DMFC  is  fed  with  5  mL  of  4  M  methanol  solution. 
The  stability  of  the  DMFC  was  tested  at  a  constant  current  density  of 
40  mA  cm-2  for  a  period  of  time  with  discontinuously  feeding  with 
4  M  methanol  solution.  All  the  DMFCs’  tests  were  measured  at  a 
temperature  of  25  ±  1  °C  and  the  humidity  of  30%-40%  is  used  for 
the  cathode. 

3.  Results  and  discussions 

Fig.  1A  and  B  show  the  field  emission  scanning  electron  micro¬ 
scopy  (FE-SEM)  images  of  the  anodic  catalytic  layer  prepared  by 
conventional  GDE  method  and  electrospinning,  respectively.  As 
shown  in  Fig.  1  A,  the  main  particle  sizes  are  in  the  range  from  tens 
of  nanometer  to  several  micrometers,  and  the  shapes  of  the  parti¬ 
cles  are  irregular.  At  the  same  time,  the  particles  in  the  GDE  elec¬ 
trode  are  stacked  compactly,  suggesting  that  the  porosity  is  low. 
Fig.  IB  clearly  shows  the  formation  of  continuous  nanofiber 
network  of  the  PtRu/C/Nafion/PVA  layer.  The  nanofiber  diameter  is 
in  the  range  from  35  to  475  nm  with  an  average  fiber  diameter  of  ca. 


Fig.  2.  Polarization  curves  for  four  passive  DMFCs  with  the  anodic  catalytic  layers 
fabricated  by  a  conventional  GDE  method  with  a  PtRu(l  :1)  loading  of  2.0  mg  cm-2  (a) 
and  by  electrospinning  with  a  PtRu(l  :1)  loading  of  1.0  (b),  1.5  (c)  and  2.0  mg  cm-2  (d). 
The  passive  DMFCs  were  fed  with  4mol  L  1  of  CH3OH  at  25  ±  1  °C. 

194  nm  based  on  the  histogram  analysis  of  289  nanofibers,  as 
shown  in  Fig.  1 D.  Importantly,  one  can  find  that  the  most  of  PtRu 
nanoparticles  are  distributed  onto  the  nanofibers  (Fig.  1C).  As 
observed,  there  is  still  a  slight  aggregation  of  PtRu  nanoparticles  on 
the  surface  of  nanofibers  since  the  content  of  PtRu  nanoparticles 
within  the  NNCL  is  as  high  as  71%.  However,  such  an  aggregation  of 
PtRu  nanoparticles  is  much  slighter  than  that  of  conventional  cat¬ 
alytic  layer.  Furthermore,  the  nanofibers  are  stacked  loosely  while 


Fig.  1.  FESEM  images  of  anodic  catalytic  layers  fabricated  by  conventional  GDE  (A)  and  electrospinning  (B)  and  a  typical  TEM  image  (C)  of  electrospun  PtRu-C/Nafion/PVA 
nanofibers  and  histogram  of  the  nanofiber  diameter  distribution  for  electrospun  mat  (D). 
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the  porosity  is  relatively  high.  The  formation  of  3D  NNCL  could 
facilitate  an  improvement  in  both  catalyst  utilization  and  mass 
transportation. 

Fig.  2  is  a  comparison  of  the  polarization  curves  for  the  four 
passive  DMFCs  with  anodic  catalytic  layers  fabricated  by  conven¬ 
tional  GDE  and  by  electrospinning  with  different  PtRu  (1:1)  load¬ 
ings.  At  the  same  PtRu  loading  of  2.0  mg  cnrT2,  the  maximal  power 
density  of  the  passive  DMFC  with  anodic  catalytic  layer  prepared  by 
electrospinning  is  43.0  ±  0.9  mW  cm-2,  which  is  much  higher  than 
that  of  the  DMFC  with  GDE  anode  with  a  peak  power  density  of 
31.3  ±  0.5  mW  cm-2.  When  the  PtRu  loading  within  NNCL  is 
decreased  to  1.0  mg  cm-2,  the  maximum  power  density  of  the 
DMFC  is  33. ±1.9  mW  cm-2,  which  is  still  slightly  higher  than  that 
by  GDE  method  with  a  PtRu  loading  of  2.0  mg  cm-2.  Obviously,  the 
use  of  NNCL  results  in  a  substantial  decrease  in  PtRu  loading  but 
without  sacrificing  DMFCs  performance.  Furthermore,  at  a  low 
current  density  region,  the  four  passive  DMFCs  exhibit  a  similar 
kinetic  and  ohmic  polarization  behavior.  Flowever,  at  a  high  current 
density  region,  a  fast  decrease  in  cell’s  voltage  for  the  MEA  fabri¬ 
cated  by  GDE  method  is  observed  in  comparison  with  that  of  the 
MEAs  by  electrospinning,  indicating  that  the  mass  transportation 
can  be  greatly  improved  for  the  MEAs  with  3D  NNCL  structure. 

To  explore  the  possible  reasons  for  the  improved  performance  of 
the  DMFCs  with  NNCL,  the  electrochemical  active  surface  areas  of 
the  anodes  fabricated  by  electrospun  and  GDE  methods  are  calcu¬ 
lated.  Fig.  3A  shows  the  CVs  of  the  anodes  for  the  four  MEAs.  The 
redox  peaks  in  the  potential  range  of  0.05-0.4  V  can  be  attributed 
to  the  FI  adsorption/desorption  on  the  surface  of  Pt  in  the  PtRu 
catalyst.  The  calculated  ESAs,  as  listed  in  Table  1,  by  H  desorption 
[39]  of  the  anodes  fabricated  by  GDE  method  with  a  PtRu  loading  of 
2.0  mg  cm-2  and  by  electrospinning  with  a  PtRu  loading  of  2.0, 1.5 
and  1.0  mg  cm-2  are  ca.  18.0  ±  0.1,  26.7  ±  0.4,  25.6  ±  0.6  and 


Fig.  3.  Cyclic  voltammograms  (A)  and  CO-stripping  voltammograms  (B)  of  the  anodes 
of  four  MEAs  with  the  anodic  catalytic  layers  fabricated  by  a  conventional  GDE  method 
with  a  PtRu(l:l)  loading  of  2.0  mg  cm-2  (a)  and  by  electrospinning  with  a  PtRu  (1:1) 
loading  of  1.0  (b),  1.5  (c)  and  2.0  mg  cm-2  (d). 


Table  1 

Maximal  power  density,  anodic  ESA,  Faradic  efficiency  and  energy  efficiency  of  the 
four  passive  DMFCs. 

Anode  loading/  Maximal  ESAs  by  H  ESAs  by  CO-  Faradic  Energy 

mg  cm-2  power  desorption/  stripping/  efficiency  efficiency 

density/  m2  g-1  m2  g-1 
mW  cm-2 

2.0  (GDE)  31.3  ±0.5  18.0  ±0.1  33.7  ±  0.6  44.1%  13.1% 

1.0  (Electrospinning)  33.0  ±  1.9  25.3  ±  0.7  52.5  ±  0.4  53.6%  15.9% 

1.5  (Electrospinning)  37.9  ±  1.4  25.6  ±  0.6  51.1  ±  0.8  54.5%  16.2% 

2.0  (Electrospinning)  43.0  ±  0.9  26.7  ±  0.4  50.5  ±  1.4  65.9%  20.6% 

The  DMFCs  were  tested  at  25  ±  1  °C  under  ambient  pressure. 


25.3  ±  0.7  m2  g-1,  respectively;  indicative  of  a  significant 
improvement  in  catalyst  utilization  of  the  anodic  catalytic  layer 
fabricated  by  electrospinning.  The  CO  stripping  voltammograms  of 
the  different  anodic  catalytic  layers  are  shown  in  Fig.  3B  and  the 
calculated  ESAs  by  CO  stripping  [40]  are  also  listed  in  Table  1.  The 
calculated  ESAs  by  CO  stripping  for  the  GDE  anode  with  a  PtRu 
loading  of  2.0  mg  cm-2  and  for  the  electrospun  anodes  with  a  PtRu 
loading  of  2.0, 1.5  and  1.0  mg  cm-2  are  ca.  33.7  ±  0.6,  50.5  ±  1.4, 
51.1  ±  0.8  and  52.5  ±  0.4  m2  g-1,  respectively;  showing  an  increase 
of  ~55%  in  ESA.  Normally,  the  ESAs  would  reduce  with  increased 
PtRu  loading  because  of  aggregation.  However,  the  electrospun 
catalytic  layers  with  different  PtRu  loadings  have  nearly  similar  ESA 
values,  strongly  suggesting  that  the  ratio  of  PtRu  nanoparticles 
distributed  on  the  surface  of  nanofibers  is  close  to  each  other  even 
at  different  PtRu  loadings,  and  thus  confirming  that  the  formation 
of  nanofiber  network  prevents  PtRu  nanoparticles  from 
aggregation. 

Further  impedance  analysis  indicates  that  the  charge  transfer 
resistance  of  the  MEA  prepared  by  electrospinning  is  smaller  than 
that  by  GDE  method.  Overall,  the  enhanced  performance  of  the 
DMFCs  with  the  anodic  catalytic  layers  fabricated  by  electro¬ 
spinning  is  ascribed  to  increase  in  catalyst  utilization  and  decrease 
in  charge  transfer  resistance. 

To  explore  the  effects  of  anodic  catalytic  layers  on  methanol 
transfer,  Fig.  4  shows  the  discharging  curves  of  four  passive  DMFCs 
with  anodic  catalytic  layers  fabricated  by  electrospinning  and  con¬ 
ventional  GDE  methods.  For  the  passive  DMFCs  with  the  anodic 
catalytic  layer  fabricated  by  GDE  method  with  a  PtRu  loading  of 
2.0  mg  cm-2  and  by  electrospinning  with  PtRu  loadings  of  1.0  and 
1.5  mg  cm-2,  the  discharge  curves  can  be  divided  into  three  regions. 
At  the  early  stage,  the  discharge  current  decreases  within  ca.  20  min. 
Then,  the  current  slightly  increases  with  time  for  a  period  of  time. 
The  slight  increase  in  current  might  be  attributed  to  an  increase  in 
cell  temperature  caused  by  methanol  crossover  and  to  an  efficient 
transport  of  methanol  from  the  reservoir  to  the  anode  catalyst  layer. 
After  discharging  for  ca.  2  h,  the  current  starts  to  continuously 
decrease  as  the  methanol  concentration  in  the  reservoir  decreases. 
For  the  passive  DMFC  with  the  NNCL  with  a  PtRu  loading  of 
2.0  mg  cm-2,  the  discharge  current  continuously  decays  with  time, 
probably  due  to  the  fact  that  the  rate  of  methanol  transfer  from  the 
reservoir  to  the  anode  catalyst  layer  is  lower  than  that  of  methanol 
consumed  on  the  catalytic  layer  since  the  peak  power  density  of  this 
DMFC  as  shown  in  Fig.  2  is  the  highest.  For  the  four  passive  DMFCs, 
both  Faradic  efficiency  and  energy  efficiency  are  calculated  and 
shown  in  Table  1.  The  energy  efficiency  of  the  anodes  fabricated  by 
GDE  method  with  a  PtRu  loading  of  2.0  mg  cm-2  and  by  electro¬ 
spinning  with  a  PtRu  loading  of  2.0, 1.5  and  1.0  mg  cm-2  are  ca.  13.1%, 
15.9%,  16.2%  and  20.6%,  respectively.  Clearly,  the  energy  efficiency 
was  improved  greatly  when  using  the  NNCLs.  The  insert  in  Fig.  4 
demonstrates  a  120  h  durability  test  of  a  passive  DMFC  with  elec¬ 
trospun  NNCL  with  a  PtRu  loading  of  2.0  mg  cnrT2.  Clearly,  the 
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Fig.  4.  Transient  discharge  curves  of  the  passive  DMFCs  with  the  anodic  catalytic 
layers  fabricated  by  a  conventional  GDE  method  with  a  PtRu  (1:1)  loading  of 
2.0  mg  cm-2  (a)  and  by  electrospinning  with  a  PtRu  (1:1)  loading  of  1.0  (b),  1.5  (c),  and 
2.0  mg  cm-2  (d),  respectively.  The  discharge  was  conducted  at  a  constant  voltage  of 
0.35  V  for  the  DMFCs  fed  with  5  mL  of  4  mol  L  1  methanol.  Insert:  the  stability  of  a 
DMFC  with  electrospun  catalytic  layer  of  2.0  mg  cm-2  PtRu  and  at  a  constant  current  of 
40  mA  cm-2. 

discharging  voltage  keeps  at  ca.  0.35  V  with  some  fluctuation  at  a 
given  current  density  of  40  mA  crrT2,  confirming  that  the  stability  of 
such  a  DMFC  is  quite  good  for  the  practical  application  with  an 
improved  cell  performance.  The  voltage  fluctuation  may  be  due  to 
the  water  flooding  at  cathode  side  and  to  the  possible  change  in 
methanol  concentration  during  the  test. 

Fig.  5A  presents  EIS  spectra  of  the  anodes  of  the  MEAs  and  an 
equivalent  circuit  model  as  shown  in  Fig.  5B.  In  this  model,  the 
constant  phase  elements  (CPE)  are  used  to  replace  ideal  capacitors, 
which  are  commonly  found  in  conventional  equivalent  circuit 
models,  to  account  for  the  non-uniform  structure  of  the  related 
electrode  section  41  ].  Thus,  the  physical  meanings  of  each  element 
employed  in  the  equivalent  circuit  model  (Fig.  5B)  are  as  follows: 

Rm  is  the  resistance  of  the  membrane; 

The  anode-membrane  interface  contribution  contains  CPEi  and 
Ri ,  describing  the  capacitive  behavior  and  contact  resistance  be¬ 
tween  the  membrane  and  the  catalyst  layer,  respectively; 

Rct  is  the  charge  transfer  resistance; 

CPEdi  describes  the  capacitive  behavior  of  the  real  anode  with 
roughness  of  the  catalyst  layer  and  non-uniform  catalyst 
distribution; 


Rm  Ri 

Rc  Lco 

i  I  CPEJ 

CPEdi 

B 

Rct 

Fig.  5.  Electrochemical  impedance  spectra  (A)  and  equivalent  circuit  (B)  of  the  anodes 
of  the  two  MEAs  with  the  anodic  catalytic  layers  fabricated  by  conventional  GDE  (a) 
and  electrospinning  (b)  with  a  PtRu(l  :1 )  loading  of  2.0  mg  cm-2  at  a  given  DC  potential 
of  0.4  V/DHE. 


Table  2 

Fitted  parameters  for  the  CPE-based  equivalent  circuit  model  for  the  anode  of  the 
passive  DMFCs  operating  at  0.4  V/DHE  and  at  25  ±  1  °C. 


Parameter 

2.0  mg  cm  2  (GDE) 

2.0  mg  cm  2  (Electrospinning) 

Rm  (Ohm  cm2) 

0.126 

0.127 

Ri  (Ohm  cm2) 

0.051 

0.068 

CPEj-T  (F  cm-2) 

0.374 

0.314 

CPEj-P 

0.990 

0.927 

Rc  (Ohm  cm2) 

2.989 

2.373 

Lco  (H  cm"2) 

19.85 

17.00 

CPEdi-T  (F  cm"2) 

0.344 

0.508 

CPEdl-P 

0.895 

0.906 

Rct  (Ohm  cm2) 

1.644 

1.328 

Lco  means  that  the  current  signal  follows  voltage  perturbation 
with  a  phase-delay  due  to  slowness  of  CO  desorption; 

Rc  is  the  resistance  of  the  solid  phase  in  anodic  catalytic  layer. 

The  fitted  parameters  are  provided  in  Table  2.  As  observed,  the 
values  of  Rc,  Lco  and  Rct  of  the  anodic  catalytic  layer  fabricated  by 
electrospinning  are  smaller  than  that  with  conventional  GDE, 
which  can  explain  the  improved  performance  of  the  DMFC  using 
NNCL  as  shown  in  Figs.  2  and  4. 

4.  Conclusions 

In  conclusion,  the  construction  of  anodic  catalytic  layer  with  a 
nanofiber  3D  network  structure  leads  to  a  significant  increase  in 
catalyst  utilization  and  a  decrease  in  charge  transfer  resistance  of 
the  DMFCs,  thus  greatly  enhancing  the  DMFCs  performance  and 
allowing  a  dramatic  reduction  in  noble  metal  loading  within  the 
membrane  electrode  assembly.  The  formation  of  nanofiber  3D 
network  structure  could  be  responsible  for  the  improved 
performance. 
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